Introduction
The increasing fuel costs and diminishing petroleum supplies are forcing governments and industries to increase the power efficiency of engines. A cursory look at the internal combustion engine heat balance indicates that the input energy is divided into roughly three equal parts: energy converted to useful work, energy transferred to coolant and energy lost with the exhaust gases. There are several technologies for recovering this energy on a Heavy Duty Diesel (HDD) engine, whereas the dominating ones are:
-Mechanical turbocompounding. The Diesel engine is equipped with an additional power turbine [1] , [2] . The power turbine is placed in the exhaust line and is mechanically coupled to the engine crankshaft via a gear train.
-Electrical turbocompounding. The system consists of an electric motor/generator coupled by means of a turbocharger [3] , [4] . The generator extracts surplus power from the turbine, and the electricity produced is used to run a motor assembled/fitted to the engine crankshaft.
-Thermoelectric materials. The exhaust pipe contains a block with thermoelectric materials that generates a direct current, thus providing for at least some of the electric power requirements [5] , [6] .
-Rankine cycle. The system is based on the steam generation in a secondary circuit using the exhaust gas thermal energy to produce additional power by means of a steam expander. A special case of lowtemperature energy generation systems is the use of certain organic fluids instead of water in so-called Organic Rankine Cycle (ORC). This technique has the advantage compared with turbocompounding that does not have so an important impact on the engine pumping losses and with respect to thermoelectric materials that provides higher efficiency in the use of the residual thermal energy sources [1] .
ORC is considered a way of converting different kinds of low temperature energies such as solar, geothermal, biomass and thermal energy of exhaust gases into electrical energy [7] . Several studies have examined Rankine cycles for exhaust gas heat recovery in vehicle applications [8] , [9] . For instance, Thermo Electron Corporation tested a Diesel-Organic Rankine compound engine on Class 8 trucks [10] .
The application in a specific vehicle requires a redesigned system to fit all system components [11] . The additional vehicle mass and system cost need to be determined to show its economic feasibility. This paper presents a study on different bottoming Rankine cycle configurations for application in Diesel engines. The second part of this article analyzes new and more complex configurations to improve the global efficiency of the engine.
The objective of this first part of the paper is to evaluate the different theoretical bottoming cycle configurations applied as a waste heat recovery system. The amount of heat dissipated by the cooling system of an installed engine represents a heat source in a bottoming cycle. The 2 stage HDD engine used on this study is described in the experimental setup section. The engine is tested in order to validate a model that reproduces real working conditions. This model is used to calculate the waste heat sources.
The model will be also used to perform further studies with different combinations of turbocharger and bottoming cycle system in the second part of the paper. In the study of the engine energy, all possible -3-residual heat sources are analyzed separately considering their potential use in the different cycle configurations. This aspect is the main uniqueness of the work. To consider all possible sources of engine heat involves a highly complex work due to the variety of types of these sources. The adjustment of the heat exchange between these sources and the Rankine cycle vaporizer implies many restrictions that must be considered thus adding difficulty to the study. However, and due to the complexity of the final solution, the analysis of how all these heat sources can be used represents a study of possible maximum energy recovering (minimum external irreversibilities), which is the objective of this paper. 
Experimental Setup and IC engine model
The engine studied in this article is a 12 litre two-stage HDD engine [12] . Figure 1 shows the scheme of the engine. The selection of a two-stage engine for this work has been done in order to keep maximum dynamic capabilities of the resulting configuration once coupled with the bottoming cycle system; transients of this engine, without a bottoming cycle, have been experimentally analyzed in [12] .
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Figure 1. Reference configuration engine scheme
The engine model has been fitted using experimental data at full load conditions with different engine speeds. Some of these steady points are given in Table 1 . -4-
The steady point used in the present study is 1800 rpm with full load conditions. The main reason for this selection is that this point has the highest available residual thermal sources. Consequently, it is considered the ideal point to assess the maximum usable energy in the engine.
The 1D gas-dynamics code used to model the engine is developed at "CMT-Motores Térmicos" and called OpenWAM TM [13] , [14] . The model calculates the engine behaviour solving the unsteady equations of mass, momentum and energy conservation by means of finite differences scheme [15] in the ducts and a filling and emptying model in the cylinders [16] , [17] . The resolution scheme used in this model is a two step Lax&Wendroff scheme. The heat transfer model is developed from [18] , [19] and fully described in [20] . The friction model is described in [14] .
In addition, OpenWAM TM is able to reproduce the turbocharger performance based on the measured characteristics of the turbocharger. It is also capable of extrapolating operating conditions that differ from those included in the turbine maps, since the engines usually work within these points [21] , [22] .
The heat exchangers model is equivalent to that of two chambers and a pipe bundle in-between [23] , [24] where the air is cooled by a coolant fluid.
A 5% minimum error range in all parameters has been used to fit the engine model to the measured data in the investigated operating points. The main difficulty when using these energy sources in Rankine cycles is their low temperature. Rankine cycle efficiency depends on the heat source temperature value: the higher the source temperature, the better the efficiency of the Rankine cycle. Exergy studies of Diesel engines analyze this phenomenon;
however, the present work does not cover this topic as they have already been published in previous works [25] , [26] , [27] .
It can be expected that the waste heat energy from the lower temperature heat sources like refrigeration water, intercooler and aftercooler will be difficult to use in Rankine cycles. These waste heat sources represent half of the analyzed total waste energy. See Table 2 . This will be discussed later on.
The following procedure has been used for analyzing engine energies and calculating theoretical Rankine cycles: First, the engine steady point has been modelled with OpenWAM TM to estimate possible waste heat sources. Second, the calculated available heat energies have been used in theoretical Rankine cycles, calculated with different fluids, where efficiencies, temperatures and powers have been estimated.
Configuration with all waste heat sources. A single cycle.
The performance of a bottoming Rankine cycle can be evaluated under diverse working conditions for the pre-selected working fluids (R-245fa, FC72, FC87, HFE7000, HFE7100, R-236fa, RC-318 and water).
This pre-selection was performed by means a study similar to studies that can be found in the literature on selection of working fluid for Rankine cycles [28] . The analysis assumes the following: steady state conditions, no pressure drop in the vaporizer and condenser, and isentropic efficiencies for the expansion machine and pump of 100%. Regarding the implementation of these configurations in the industry applications, an appropriated expander machine must be selected to obtain an acceptable efficiency and to consider the most important internal irreversibilities of these cycles. For this objective, the Japiske Turbine Chart [29] or Barber-Nichols Turbine Chart [30] can be utilized to approximate the most effective expander machine.
A parametric-iterative method has been employed for choosing the optimum working fluid and to obtain the maximum working fluid mass flow for each investigated vaporizer and superheater temperatures.
Aiming to recover all of the available waste heat sources, the following criteria have been considered for the selection of the bottoming cycle working fluid:
 Pressure ratio in the expansion machine must be lower than 25 to achieve an efficient expansion process.
 The studied cycles must keep a minimum temperature difference between the working fluid and the engine heat sources to guarantee minimum irreversibilities in the heat transfer process. This difference is usually fixed to 10ºC [31] . This is called Pinch-Point and it can be presented along with the fluid evaporation process. This point is usually denoted as "PP" as shown in This figure shows only the results obtained for R245fa fluid and water since the other studied organic fluids provide similar results to those of R245fa. Since the energy used as a heat source in this case is typically wasted, the efficiency of the Rankine cycle is a secondary criterion. Thus, the main goal of the study is to maximize the power output.
-7- The striped area on the right of the plot illustrates the working points that do not fulfil the Pinch Point restriction. In addition, the top striped area shows the zone where the mass flow necessary to maintain the cycle is so low that it does not allow a complete energy recovery for each of the considered heat sources.
Finally, the bottom striped area corresponds to the Rankine cycles in which the expansion process crosses below the saturated steam curve (this area is only represented in the case of water because it has a saturated vapour curve with a negative slope). Table 3 shows the optimum points for each studied working fluid. A similar work output (around 27 kW) and cycle efficiency (around 6%) are obtained at similar working conditions for almost all investigated organic fluids. Therefore, the R245fa was selected as the working fluid in ORC with low temperature heat sources, due to its reasonable cycle output work and mild condensation pressure at 50ºC [32] .
This study becomes an unusual study. Generally, in conventional ORC studies, the researcher seeks a single heat source with a certain temperature and mass flow to analyze the best Rankine cycle, in order to maximize the obtained power. But in this study, from different heat sources selected previously (Table 2) , which correspond to the wasted energy sources of the IC engine, the main objective is to find the Rankine cycle that best fits to these sources. Considering that some of these sources have the input and output temperatures fixed. This parametric study was made with a cycle which has a condensing temperature of 40 º C. If 70 º C is considered as the evaporating temperature and the water is superheated to temperatures around 170 º C (Figure 4) , the water provides better results than the R245fa. This result is because the R245fa in these conditions can not be superheated above 82 ° C. The reason is the different pinch point restrictions that exist in the heat exchange between the different waste heat sources. Sometimes, these restrictions do not allow the energy recovering from all heat sources considered in the study (striped zones on top of the graphs in Figure 4 ). These considered sources have been included in Figure 5 (Top graphs) and they are very different i.e.: The thermal source with higher temperature is the EGR gases, which is cooled from 509 ° C to 222 ° C, and the thermal source with lower temperature is the cooling water, which is typically cooled in the car radiator from 85 º C to 80 º C, although this source gives more power (205kW), due to high water flow and its specific heat. Due to these peculiarities of the considered heat sources, the optimal working fluid obtained does not correspond to an organic fluid, as initially could be expected.
However, due to the low temperature difference between the vaporizer and condenser, imposed by the initial restrictions, the achieved work output is not significant compared to the total waste heat given in Table 2 . Figure 4 shows how the cycle using R245fa has better efficiency and output power than water in the low evaporation temperature zone. On the contrary, using water as a working fluid permits complete energy recovery at higher superheater temperature and also gives higher efficiency and power output. The main drawback is the low evaporation and condensation pressures when the water cycle operates with a temperature lower than 100ºC. 
Configuration with all heat sources. Binary Cycle
In the previous section, R245fa and water have been initially selected as the best solution for low and high evaporation temperatures respectively. For this reason, the use of two coupled cycles (binary cycle)
tries to obtain the maximum power from all the considered heat sources. The iterative-parametric study is performed in order to accomplish these criteria. The fluid tables are used in order to obtain the optimal combination of: maximum temperature cycle, evaporation and condensation temperature and mass flow. The working fluid used in the low temperature cycle must be an organic fluid. In the previous section, the R245fa has been selected as the best option for this kind of cycles and it is used in this case. In this cycle, the heat absorbed by the R245fa in the beginning of the evaporation process is the heat released by the non-recirculated exhaust gases energy, the high temperature cycle condenser, intercooler, cooling water and the aftercooler, as shown in bottom graph in Figure 7 . In this case, the heat sources have temperatures between 195ºC and 80ºC. The evaporation temperature must be lower than the temperature of cooling water to allow heat transfer between this heat source and the working fluid cycle. Thus, as shown in Figure 7 , evaporation temperature is fixed in 71ºC in the R245fa cycle and this fluid enters in the expansion machine from saturated steam conditions. The heat transfer of each source is represented in the temperature vs transferred heat diagram in the top right side of Figure 7 , showing the critical point (pinchpoint) in the low temperature vaporizer (PP2). The design criteria used at PP2 is the same that was used at PP1. The condensation temperature in the low temperature cycle is fixed at 50°C to ensure the cooling of the condenser with the atmosphere at 40 °C. 
Configuration with high temperature heat sources
In the previous solutions, many heat sources with different temperature ranges have been considered.
That solution provided a considerable increase in total engine efficiency, but it must deal with important technical difficulties due to the heat control system of all the heat transfer processes and the low temperature of some sources. Consequently, a configuration with only high temperature heat sources, therefore using less heat sources, has been also investigated in order to obtain a more realistic technical solution. The EGR cooler, exhaust gases and Aftercooler are the best suitable sources for recovering heat taking into account their high temperatures. Different working fluids and different cycles have been studied using the maximum output power as a goal. The result of these studies gives a water Rankine cycle as the best option, since it is possible to reach a superheat temperature of 500ºC.
The same iterative-parametric study, done previously, has been carried out in this case, with the same objective as for the configuration with all heat sources. Figure 8 shows the main variables of this parametric study. The water cycle has been optimized and this cycle has a 143°C vaporization temperature, a superheating temperature up to 485°C and regeneration. The condensation temperature is 50ºC due to the heat transfer and the pinch-point criteria. The right striped area indicates the Rankine cycles in which the expansion ratio is higher than 25. Table 4 summarizes the main results obtained in the configurations described in this paper. As show the table, the high power increment is produced by the configuration with all the heat sources with a binary cycle. But the important increase in total heat transfer could be a problem to design the necessary heat exchangers. Thus, the best solution with lower heat transfer rates is the configuration with only the high temperature heat sources. 
Summary
Conclusions
A method to analyze different possibilities to use waste energies in a Diesel engine is described in the present paper. This method involves estimating wasted energy values and uses this information to analyze the application of these energy sources in a bottoming Rankine cycle. Mechanical energy of a Diesel engine is about half of the total wasted energy. An important part of this wasted energy is used as thermal energy in intercoolers, radiators and exhaust gases expelled to the atmosphere. However, an important problem to recover these wasted thermal energies is the low temperature values of the available sources.
Thus, it is difficult to achieve an acceptable efficiency using these sources.
The configuration with all heat sources includes waste energy recovery in two different cycles (binary cycle). The main problem of this solution is the big size of heat exchanger surface necessary.
The configuration with high temperature heat sources uses only high temperature waste energy sources in a water Rankine cycle. This solution is more realistic, but reduces the energy recovery in comparison with the configuration with all heat sources.
The external irreversibilities of this Rankine cycle have been extensively studied in the present work. The most important conclusion in the studied cases, with ideal processes and when the engine dissipates more heat energy is that it can only recover between 8% and 9% of the total energy dissipated by the engine once internal irreverisibilities are also considered. Thus, because the characteristics of the residual heat in the studied engine operating point (maximum speed and maximum load), the resulting optimal working fluid is water. However, this type of engine, working in partial loads, have different operating conditions, meaning that the organic fluids (ORC) are more optimal for energy recovery. Therefore, the working fluid used will depend on engine operating conditions where the energy of these residual sources will be recovered. This paper is a study of maximum and these problems have not been addressed, leaving them for a future work.
